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Abstract 
Sedimentary phosphate rock is a precious source for phosphoric acid and fertilizers like NPK. During beneficiation of the ore, typically flotation 
is used for purification of the ore from gangue material like carbonates and silicates. A double float process using direct flotation with anionic 
collectors in the first stage and reverse flotation with cationic collectors in the second stage serves this purpose well. Carbonates, like dolomite 
or calcite and silicates are removed from the ore. This study focuses on collectors for the direct flotation of a sedimentary phosphate ore as the 
first step of purification. The target was to increase the P2O5 recovery to >90% at a constant P2O5 grade while separating as much carbonate as 
possible. Several anionic collectors and combinations thereof were tested. The best results were achieved using an environmentally friendly 
collector blend which yielded P2O5 recoveries of up to 95% while lowering the MgO grade from 5.1 to 4.1%. 
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1. Introduction 
Fertilizers based on phosphorous containing compounds are important resources for the global production of food[1]. The most 
important source of phosphate is naturally occurring phosphate rock [2], which is typically beneficiated by flotation. The yearly 
amount of phosphate production in 2010 was 160 mmt[3], showing the enormous importance of this industrial mineral. The so-
treated phosphate is either converted to phosphoric acid or directly used as fertilizer[4]. 
For the production of phosphoric acid and for use as a fertilizer, the phosphate concentrate as final product of flotation requires 
a certain grade of P2O5, which nowadays is commonly between 30 % and 35 %, and a low MgO content, which ideally is not higher 
than 0.5 %. The purification of phosphorite ores is commonly achieved by reverse flotation[5], where carbonates and silicates are 
floated either separately or in bulk by using anionic and cationic collectors. This procedure typically is conducted in weakly acid 
pH for depressing the phosphorite[5]. Nevertheless, in some cases, this method does not lead to the desired result, because either 
the specified grade could not be reached at all or because it could only be reached with low recovery. In cases of low grade 
achievement, the double float process can be a solution for yielding the required concentrate specification with a high recovery. In 
the double float process, phosphorite is pre-concentrated by a direct anionic flotation step. This pre-concentrate subsequently is 
subjected to a reverse flotation step, where silicates are floated in the froth fraction by using cationic collectors. The Crago double 
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float commonly practiced in Florida, USA, is an example of this process[6]. The P2O5 recovery of the direct flotation process 
determines the maximum P2O5 recovery of the final concentrate. A low grade of MgO in the pre-concentrate is beneficial for 
achievement of a low MgO content in the final concentrate after the reverse flotation step. This is only possible when using anionic 
collectors, which are showing a high selectivity for the phosphorite but low collecting properties for Dolomite and Magnesite. 
Typical anionic collectors for the direct phosphorite flotation are the same as those used in the direct flotation of igneous apatite 
(Figure 1). 
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Figure 1: Typical collectors for use in flotation of phosphate. (a) Fatty acids, (b) Sulfosuccinates, (c) Alkylsulfosuccinamates, (d) Phosphoric esters. 
Clariant provides a variety of collectors for use in both direct and reverse phosphate flotation under the brand names 
FLOTINOR, FLOTIGAM AND HOSTAFLOT. Typical examples are FLOTINOR FS-2, FS-100, SM15, V2711, 3635, 7011, 7024 
and HOSTAFLOT F 2828. Each collector has its own environmental profile. Some collectors use plant or animal based renewable 
materials, and others are derived from petroleum. 
While the collectors described above have proven effective in a number of applications, there is an opportunity for improving 
grade and phosphate recoveries and lowering MgO content when beneficiating certain ore bodies. The hypothesis is that formulated 
collectors containing blends of anionic collectors may show synergistic effects of the components. This paper describes an example 
where blended collectors were evaluated. A secondary aim was to discover if so called “environmentally friendly” collectors, based 
on renewable materials, could perform as well or better than petroleum based collectors.  
 
Nomenclature 
uT velocity in the direction of (m/s) 
A radius of (m) 
B  position of 
C further nomenclature continues down the page inside the text box 
Greek symbols 
J stoichiometric coefficient 
G boundary layer thicknesses(m) 
Subscripts 
r  radial coordinate 
2. Results and discussion 
It has long been recognized that MgO concentrations in phosphate rock above 0.5 % have an adverse effect on the production 
of phosphoric acid and subsequent fertilizer products[7]. Therefore, it is desirable to achieve as low as possible MgO grade in the 
final phosphate concentrate. Magnesite, Dolomite and Collophane behave very similarly in the direct flotation of the phosphate 
ore; thus, known collectors would most likely also concentrate the aforementioned minerals in the froth fraction. Most of the 
reagents, which could be suitable depressants for the carbonates, would also inhibit the flotation of phosphate and thus would lead 
to a lower P2O5 recovery.  
The idea now was to use collectors with selectivity properties for phosphates vs. MgO minerals. In a second step, combinations 
of collectors could be investigated. There are examples in other fields that mixtures of collectors led to better results than the single 
collectors; thus, they showed synergistic effects. 
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The aim of the investigation was to find an anionic collector which raised the P2O5 recovery from the current level of 88 % to a 
minimum of 90 % and to lower the MgO grade in the pre-concentrate as much as possible from the current level of 5.1 %. The 
specified P2O5 grade of 24.2 % also had to be achieved. Collectors from Clariant, including a variety of chemical compositions, 
were tested separately as well as in combination.  
The material used for these tests was a calcareous/siliceous phosphorite ore containing 20-23 % P2O5 (Collophane, 
Ca5(PO4,CO3)3·OH), 4-5 % MgO (Magnesite, MgCO3, Dolomite, CaMg(CO3)2) and 20-22 % SiO2 (mainly Quartz). The flotation 
feed was prepared by grinding the ore to maximize liberation. Maximum liberation was achieved at P100 = 90 m. No desliming 
was conducted. 
The process for beneficiation of the phosphate ore was based on a typical double float process[8]. However, the current 
investigation was only making use of the stages of direct flotation (rougher, scavenger stages 1, 2 and 3) as shown in Figure 2. The 
reverse flotation step was not investigated. 
 
 
Figure 2: Overall flotation flow sheet (note that the reverse flotation step was not performed for this paper). 
In the rougher flotation step, sodium carbonate (Na2CO3) was added to adjust the pH of the pulp to 10 and water glass (Na2SiO3) 
was added to depress the silicates. An anionic collector was dosed into the rougher and the scavenger 1, 2 and 3 stages. The froth 
fractions (concentrates, also referred to as pre-concentrates), containing phosphorite, were collected, and the cumulated grades and 
recoveries were calculated. The tailings were evaluated for grade and recovery in order to determine the full mass balance.  
Several Clariant collectors were investigated, and their dosages were varied and optimized for the best result of grade and 
recovery. The results of 5 representative examples are shown in the beginning of this work before the next level of investigation 
lead to mixtures of collectors having synergistic effects.  
2.1. Investigation of Clariant collectors in direct phosphate flotation 
The cumulated grades and recoveries of the pre-concentrates in the flotation process when using Collectors 1-5 are shown in 
Figure 3, with each line comprising four points showing the results starting from the rougher stage and ending on the scavenger 3 
stage. The observation that some collectors showed an increase in cumulative P2O5 grade through the subsequent scavenger stages 
was a surprise as it is more typical to see grade decreases. This will be the subject of future research. 
The dosages for the collectors which were used in the flotation are described in Table 1.  
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Table 1: Cumulated dosages of Collectors 1-5 in flotation as shown in Figure 3. 
 Rougher stage  
 
[g/t] 
Rougher +  
Scavenger 1  
[g/t] 
Rougher +  
Scavenger 1 + 2  
[g/t] 
Rougher + 
Scavenger 1 + 2 + 3 
[g/t] 
Collector 1 240 480 720 960 
Collector 2 500 1000 1500 2000 
Collector 3 500 1000 1500 2000 
Collector 4 240 480 720 960 
Collector 5 240 480 960 1440 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Cumulated P2O5 grade vs. cumulated P2O5 recovery for Collectors 1-5. 
Collector 5 showed the best performance. The maximum grade, yielded after the 3rd scavenger step, was much better than 
required (24.8 % P2O5 vs. 24.2 % P2O5 target grade), and the recovery (88 %) was close to the target of > 90 %. Collector 1 also 
met the desired grade after the 2nd scavenger step, and was close to the target recovery. Collector 3 exceeded the required recovery 
after the 1st scavenger step (90.4 %) but was just below the specified grade (24.0%). The flotation results of the other collectors 
failed to meet the desired targets for grade and recovery. 
The optimum flotation results for the P2O5 grades and recoveries are dependent on the applied dosages of the collectors. The 
optimum dosage of a collector was defined as the point of the graph, where primarily the P2O5 target grade and secondarily the 
target recovery were met. These graphs do not allow any interpolation of dosages, but only deliver the complete flotation results, 
grade and recovery, for each individual flotation stage. The optimum flotation results, shown in Figure 3, are highlighted in Figure 
4 and Figure 5, where the corresponding dosages become obvious. 
For the top three collectors (1, 3 and 5), the results are shown as dependency of the cumulated P2O5 grade vs. dosage (Figure 4) 
and of cumulated P2O5 recovery vs. dosage (Figure 5). 
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Figure 4: Cumulated P2O5 grade of the pre-concentrate vs. dosage for Collectors 1, 3 and 5. 
Collector 5 showed the potential for resulting in a very high concentrate grade having the highest overall grade of 24.8 % at a 
dosage of 1440 g/t; whereas, Collector 1 seemed to be more active as it achieved its highest grade (24.5%) at a comparably low 
dosage of 480 g/t. Collector 3 nearly hit the specified grade at low dosages, but lost grade at higher dosages. 
 
 
Figure 5: Cumulated P2O5 recovery of the pre-concentrate vs. dosage for Collectors 1, 3 and 5. 
All collectors showed the typical trend that higher dosage resulted in higher recovery. The highest P2O5 recovery overall was 
achieved by Collector 3 at a high dosage of 2000 g/t. Neither Collector 2 nor Collector 4 t reached the target grade and, therefore, 
were not depicted in Figure 4 and Figure 5. 
The MgO grade also plays an important role for the final product. The target was to reduce the content to below 5.1%, but the 
desire was to make it as low as possible. Figure 6 shows the cumulated MgO grade vs. the collector dosage in flotation using 
Collectors 1, 3 and 5. 
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Figure 6: Cumulated MgO grade in pre-concentrate vs. dosage for the Collectors 1, 3 and 5. 
All collectors showed the trend that the MgO content could be lowered upon higher dosage of the collectors. The lowest value 
of 4.6 % was achieved by using a dosage of 1440 g/t of Collector 5. 
Overall, the best results for the Collectors 1, 3 and 5 were a compromise between P2O5 grade, P2O5 recovery and MgO grade. 
The optimum results are shown in Table 2. 
Table 2: Summary of optimum flotation results for Collectors 1, 3 and 5. 
 Flotation stage of 
best result 
Dosage of collector 
on feed [g/t] 
Cumulated P2O5 grade 
after indicated stage 
(target:  24.2 %) 
Cumulated P2O5 recovery 
after indicated stage 
(target:  90 %) 
Cumulated MgO grade 
after indicated stage 
(target:  5.1 %) 
Collector 1 2nd scavenger stage 720 24.2 % 86 % 5.1 % 
Collector 3 1st scavenger stage 1000 24.0 % 90 % 5.0 % 
Collector 5 3rd scavenger stage 1440 24.9 % 88 % 4.6 % 
 
As the most important criteria, the P2O5 grade was considered, followed by the MgO grade. Collector 5 achieved the highest 
P2O5 grade and the lowest MgO grade at 1440 g/t dosage, but did not meet the P2O5 recovery target. Collector 1 met the P2O5 grade 
target and also the MgO grade target, but also failed on the P2O5 recovery. Collector 3 met the P2O5 recovery and the MgO grade 
targets, but failed on the most important, the P2O5 grade target. In conclusion, none of the tested collectors met all targets. 
2.2. Investigation of Clariant collector blends 
As single collectors could not meet the requirements in this case of direct phosphate flotation, blends of collectors were tested 
in the next step of the investigation.  
The authors’ knowledge of the composition of the collectors and the results of the previous experiments were used to select a 
subset of combinations of collectors in order to minimize the experimental effort. Among all tested blends, the two proprietary 
blends which showed the best results are included in this paper as Collector Blends 1 and 2. Both collectors are very 
environmentally friendly, as all components are highly biodegradable (> 80 % in OECD tests) and many components are derived 
from renewable natural resources. These results are displayed on the following pages, and for comparison Collectors 1 and 5 are 
also included in the graphs, as they met both the P2O5 and the MgO grade target.  
Collector Blends 1 and 2 were tested in the following cumulated dosages per flotation stage:  
x Rougher stage = 240 g/t  
x Rougher + Scavenger 1 = 480 g/t  
x Rougher + Scavenger 1 + 2 = 720 g/t,  
x Rougher + Scavenger 1 + 2 + 3 = 960 g/t  
The results in comparison to Collectors 1 and 5 are shown in Figure 7 as cumulated P2O5 grade vs. cumulated P2O5 recovery.  
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Figure 7: Cumulated P2O5 grade vs. cumulated P2O5 recovery for Collector Blends 1 and 2 in comparison to Collectors 1 and 5. 
Collector Blends 1 and 2 showed a better performance than the two best individual collectors from the first phase of this study. 
Both blends could achieve more than 70 % recovery at more than 25 % grade. The grade could be kept constant up to about 90 % 
recovery and even at recoveries above 90 % the required grade of 24.2 % was still achieved. Both Collector Blends 1 and 2 combine 
good activity and selectivity. The results for these collector blends cannot be explained by a combination of the benefits of their 
components. This is a real synergistic effect, which is yet to be understood. In both cases, the combined collectors display better 
grade and recovery than any individual collector. 
The required grade of 24.2 % P2O5 was sufficient for the application. It should not be exceeded by far; thus, the benefit of the 
synergistic mixtures could be focused on a higher recovery, meeting precisely the target grade. 
It is often observed in flotation experiments that grade decreases as recovery increases. For Collector Blends 1 and 2, it was 
indeed observed that the grade decreased (Figure 8) as the recovery increased (Figure 9) in proportion to increasing the collector 
dose. 
 
 
 
Figure 8: Cumulated P2O5 grade vs. collector dosage for Collector Blends 1 and 2 in comparison to Collectors 1 and 5. 
It was an objective of this experiment to determine the optimal dosage of collector meeting exactly the requirement of 24.2 % 
P2O5 grade. As can be seen in Figure 8, the curves of Collector Blends 1 and 2 hit the target line as follows: 
Optimal dosage required to meet P2O5 grade target: 
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x Collector Blend 1 = 850 g/t 
x Collector Blend 2 = 960 g/t 
The corresponding P2O5 recoveries can be analyzed from Figure 9 showing the cumulated P2O5 recovery vs. the collector 
dosage. 
 
 
Figure 9: Cumulated P2O5 recovery vs. dosage for Collector Blends 1 and 2 in comparison to Collectors 1 and 5. 
Upon achieving the desired target grade, the following recoveries could be achieved: 
x Collector Blend 1 after 2nd scavenger stage = 850 g/t Æ 95 % recovery 
x Collector Blend 2 after 3rd scavenger stage = 960 g/t Æ 95 % recovery 
Figure 10 shows the cumulated MgO grade of the concentrates vs. the collector dosage for Collector Blends 1 and 2 in 
comparison to Collectors 1 and 5. The figure also shows the calculated MgO grade that would be expected at those collector 
dosages that would be required to achieve the required P2O5 grade. 
 
 
Figure 10: Cumulated MgO grade vs. dosage for Collector Blends 1 and 2 in comparison to Collectors 1 and 5. 
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Collector Blend 1 achieved a very low MgO grade of 4.1 %, whereas Collector Blend 2 achieved 4.7 %. Both values were 
achieved at the given dosages for meeting the P2O5 grade target. 
The flotation results of the collector blends are summarized in Table 3. 
Table 3: Summary of optimum flotation results for Collector Blends 1 and 2. 
 Dosage of collector 
on feed [g/t] 
Cumulated P2O5 grade 
at collector dosage 
Cumulated P2O5 recovery 
at collector dosage 
Cumulated MgO grade 
at collector dosage 
Collector Blend 1 850 24.2 % 95 % 4.1 % 
Collector Blend 2 960 24.3 % 95 % 4.7 % 
 
Both collector blends met the required P2O5 grade, resulted in a lower MgO grade than the requirement, and exceeded 
significantly the specified P2O5 recovery. Collector Blend 1 was more active versus Collector Blend 2 by requiring a lower dosage 
to yield the target grade and also led to a considerable lower MgO grade in the final concentrate as desired. Both collector blends 
improved significantly the results compared to the individual collectors and give additional value by generating more concentrate 
for the subsequent reverse flotation step. Also it may be assumed that the lower MgO grade of the feed for the reverse flotation 
will decrease the MgO grade in the final concentrate. 
3. Summary and Conclusions 
The purpose of this test series was to find a collector which could improve the existing flotation results by showing higher 
selectivity for phosphate versus MgO. There was no need to improve the P2O5 grade to exceed the target grade as this would not 
give any benefit to the final concentrate grade after the reverse flotation step. The enhancement of the P2O5 recovery was a further 
target as the recovery in the pre-concentrate is the decisive factor of the overall flotation recovery. In the beginning of the 
experimental plan, five commercial collectors (Collectors 1 – 5), with different chemical compositions, were tested by adding them 
in the four stages (rougher, scavenger 1, scavenger 2 and scavenger 3), directly into the flotation pulp. According to the authors’ 
experience using these reagents, not all of them were added in the same dosage, but the chosen additions yielded comparable mass 
recoveries for the concentrates. Collectors 1, 3 and 5 showed promising results, but ultimately they did not fulfill all of the desired 
criteria.  
In the second part of the experimental plan, blends of collectors were tested. The experiments showed that for this phosphorite 
ore, blends of collectors provided better performance than any single component. Furthermore, two collector blends that were 
developed during the study exceeded the target significantly. A further benefit of the successful collector blends was that they were 
predominantly based upon renewable resources, making them more environmentally friendly than petroleum based collectors.  
Following the results obtained from these experiments, the authors are planning to use the newly discovered collector blends 
throughout the whole flotation process, including the reverse flotation step, to test their effect on the overall concentrate quality 
and on the final recovery of phosphate. 
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